Abstract-The spatial distribution of multiple breakdown (BD) spots in large area MOS structures was investigated. By means of applying image processing and point pattern analysis techniques we provide for the first time direct evidence that the BD spots' locations are spatially uncorrelated as expected for a Poisson process. For completeness, we show how the available mathematical tools might be utilized to detect interactions (repulsion or attraction) between the spots as well as weak regions in the dielectric layer. In this way, the methods considered here can complement standard reliability techniques based on a large set of samples.
INTRODUCTION
In a recent paper Alam et al [1] raised the question whether the BD spot locations in MOS devices are spatially correlated or they truly follow a complete spatial randomness (CSR) model, as a Poisson process is frequently termed in spatial statistics [2] . The issue has major reliability implications since the transistor lifetime is sensitive to the degree of spatial and temporal correlations among BD spots. In spite of the fact that the temporal correlation has received extensive attention in the last years [3, 4] , the problem of the 2-D spatial distribution is still an open question that needs to be solved. The interaction between spots may arise because of local variations of the potential distribution in the semiconductor substrate in the vicinity of the leakage site [1, 5] , or by local enhancements of the trap generation rate [3] . In order to assess whether the BD spots follow a Poisson process, two approaches are possible: first, one can infer the spatial distribution from the first BD event statistics in many devices or alternatively, one can analyze the generation of a large number of BD spots in a single sample. Regarding the first method, the fact that the Weibull slopes (β) corresponding to different gate areas are independent of this parameter is well known to be a consequence of the Poisson area scaling [6] . However, this approach relies on the certainty that there is only a single BD event per device, which precludes the possibility of exploring the interaction between spots. In connection with the second method, in [1] , the correlation between spots was evaluated using simulated data compatible with the current distributions in a four-terminal device fabricated to that aim. Again the reported results led to the conclusion that the BD spots do not exhibit spatial correlation and therefore that they are well represented by a CSR process. In this work, we have investigated the 2-D distribution of BD spots again but contrary to previous analysis our conclusions are strictly drawn from data obtained by direct observation. Furthermore, we show that, beyond the distance distribution, a number of techniques frequently used in spatial point pattern analysis can be applied to characterize the multiple dielectric BD phenomenon. This kind of study has been made possible thanks to the recent development of specialized software packages designed for this purpose [7] . It is also worth mentioning that the investigation has been carried out in a high-κ dielectric material deposited on a high mobility compound semiconductor with metal gate, which is the material combination expected for the next generation of MOS transistors [8] .
II. THE SAMPLES
The samples used in this study are MgO films with nominal thickness t ox =20 nm. The films were deposited by e-beam evaporation from 99.9% MgO pellets at a rate of 0.2 Å/s at 180 °C on p-and n-type InP substrates. The MgO/InP samples were capped in-situ with 100 nm of amorphous silicon (α-Si) using a second e-beam source. For the NiSi gate process, nickel was deposited by e-beam evaporation (~80 nm) through a patterned resist mask followed by a lift-off process. The rapid thermal annealing is a one step process at 500 °C for 30 s in N 2 . For this study we utilized the largest area available of 1.6x10 -3 cm 2 . Further details about the sample fabrication and conduction characteristics can be found in [9] . It is worth pointing out that the spots can also be observed with Si substrate but in this case the marks in the metal electrode are less visible and require image treatment.
III. EXPERIMENTAL RESULTS AND DISCUSSION
In order to generate a large number of BD spots the device was subject to a voltage ramp (up to -13 V). Fig. 1a shows a typical photograph of a stressed device without any image treatment. Although the spot sizes are dissimilar and therefore their conducting properties are different as well, for the analysis that follows all the BD spots are treated on equal grounds as a point pattern dataset. Additionally, the lateral dimensions of the device were normalized to unity. Fig. 1b is the digitalized image of Fig. 1a with 182 detected spots. The color map corresponds to the local intensity estimator (weighted by an isotropic Gaussian smoothing kernel), which is the average density of points (expected number of points per unit area). Notice that for this particular realization the intensity varies from location to location, but this is consistent with a homogeneous Poisson process in which the points are not uniformly spread but there are empty gaps and clusters of points. The observed point pattern does not seem to be affected by the location of the voltage probe needle.
The histogram in Fig. 2 shows the distribution of the distances d between all experimental points ((182 2 -182)/2=16471 values) and the theoretical probability density (red line) given by the expression [10] :
This latter function is reached under the hypothesis that the x-and y-coordinates of each data point are uniformly distributed in the range [0,1]. It must be noted that the agreement is very good, which is indicative of a CSR process. IRPS10-776 BD.1.2
In order to confirm that this is definitely the case, we have performed an alternative statistical test that involves analyzing the interpoint interaction using the pair correlation function g(r), with r a generic radius. This second-order summary characteristic is defined as: (2) where K(r) is Ripley's function [2] , which is a measure of the expected number of points at many distance scales (for an homogeneous Poisson process K(r)=πr 2 ). Fig. 3 illustrates the estimated g(r) for the image shown in Fig. 1b . Notice that the data distribution is consistent with the CRS case (red dashed line) except in a very small range close to the origin (distance of about 4μm), but this is in the range of our digitalization system resolution.
To demonstrate the power of these techniques, we illustrate two examples that could help to identify situations in which the correlation between BD spots [5] or departures from the Poisson area scaling because of the layout particular features [11, 12] cannot be neglected. Figure 4 shows the realization of a Matérn's Model I process with r 0 =0.05 [7] . The g-plot clearly reveals the existence of a hard core repulsion potential, i.e. the events cannot occur within a minimum distance of each other. On the contrary, Fig. 5 corresponds to a cluster process with a characteristic length of r=0.1. Note that without using the g estimator it would be almost impossible to detect the underlying point pattern structure.
IV. CONCLUSIONS
By means of applying spatial point pattern analysis techniques we were able to demonstrate that the locations of the BD spots in a MOS device are uncorrelated. If we associate the generation of a leakage site with the creation of defects, we can affirm that this creation is also uniform, which in turn is an indicator of the quality of the dielectric layer. There are no weak regions. Ultimately, the appearance of the spots is a consequence of the 2-D weakest link character of the BD statistics. IRPS10-777 BD.1.3
